Overcoming antigenic diversity is a key challenge in the development of effective Plasmodium falciparum malaria vaccines. Strategies that promote the generation of antibodies targeting conserved epitopes of vaccine antigens may provide protection against diverse parasites strains. Understanding differences between vaccine-induced and naturally acquired immunity is important to achieving this goal.
There is a continuing strong need for an effective malaria vaccine to enhance control and elimination efforts. This is highlighted by recent estimates suggesting that the global burden of malaria has not declined in the last 3 years with approximately 220 million cases annually [1] . Persisting challenges in malaria vaccine development are polymorphisms and antigenic diversity in leading vaccine candidates, which impacts on vaccine efficacy [2] . For the most advanced vaccine, RTS,S, protective efficacy was significantly higher against Plasmodium falciparum infections with vaccine-similar strains than infections with vaccine-dissimilar strains [3] . Phase 2 trials of candidate vaccines containing the merozoite antigens AMA1 or MSP2 [4] , or trials with whole-cell P. falciparum attenuated sporozoites [5] , also showed evidence of strain-specific efficacy. Naturally acquired immunity to malaria is typically slow to develop and requires repeated exposure to malaria over time; this slow acquisition is attributed in part to the requirement for the development of a sufficiently broad repertoire of antibodies against diverse strains [6, 7] .
Vaccine strategies to overcome antigenic diversity and vaccine escape include incorporating multiple alleles, developing antigens with modified sequences to address antigenic diversity, or targeting conserved or less-diverse regions and epitopes [2] . However, there is currently limited knowledge on the specificity and cross-reactivity of naturally acquired or vaccine-induced human immune responses to vaccine candidates. Further, the conditions and approaches that favor the development of cross-reactive responses, which may overcome or limit immune escape through antigenic diversity, are unknown. While some strategies have been explored in animal models [8] [9] [10] [11] [12] , little is known about induction of cross-reactive or variant-specific responses in humans. Understanding this would greatly assist the development of highly efficacious vaccines to meet the vaccine efficacy target of 75% set by the World Health Organization [13] .
We investigated these questions in a phase 1 clinical trial of the P. falciparum malaria vaccine candidate MSP2 [14] , an abundant protein on the surface of merozoites that infect erythrocytes during blood-stage replication [15, 16] . MSP2 is a target of naturally acquired antibodies that function through promoting opsonic phagocytosis by monocytes [17, 18] and activating complement to inhibit merozoite invasion and cause merozoite lysis [19] . A prior phase 2 trial of an MSP2-based vaccine, known as Combination B, demonstrated efficacy against P. falciparum parasitemia, but this effect was principally strain specific [4] . The vaccine showed significant efficacy against infections with 3D7-like alleles (vaccine strain), but not against infections with alternate alleles. MSP2 occurs as 2 predominant allelic types (3D7 and FC27) and polymorphisms are mostly contained within the central variable region, which also includes highly polymorphic tandem repeats [20, 21] . In addition, there is a short N-terminal sequence, which contains some polymorphic residues, and a longer conserved C-terminal region. To address the issue of vaccine escape demonstrated in the trial by Genton et al [4] , a vaccine containing a combination of 3D7 and FC27 alleles was manufactured (MSP2-C1) and tested in a phase 1 trial.
In this study, we used MSP2 as a model to better understand the specificity and function of human antibodies generated by vaccines compared with naturally acquired responses, to determine whether the MSP2 combination vaccine successfully generated functional antibodies to different P. falciparum strains, and to determine the specificity of vaccine-induced antibodies. Surprisingly, we found that the vaccine-generated antibodies predominantly targeting conserved C-terminal epitopes, in striking contrast to allele-specific naturally acquired antibodies that predominantly targeted polymorphic epitopes. This provided the first clear evidence that a P. falciparum subunit vaccine in humans can redirect responses to conserved and functional epitopes. IgG4) were assessed in sera from MSP2-C1 vaccine recipients prior to vaccination (day 0) and at day 112 postvaccination (peak response) against MSP2 3D7 (left) and FC27 (right) alleles. B, Naturally acquired IgG subclass responses to MSP2. Samples were obtained from malaria-exposed children residing in Papua New Guinea (ages 5-14, n = 206) [24] . C, IgM responses were measured in samples from MSP2-C1 vaccine (n = 29) and placebo (n = 6) recipients prior to vaccination (day 0, white boxes) and postvaccination (day 112, grey boxes) against both 3D7 and FC27 alleles. There was a significant increase in IgM responses against both alleles in vaccine recipients, but no difference was observed between day 0 and day 112 with the placebo controls. P values were calculated using the Wilcoxon matched-pairs signed rank test for the comparison between day 0 and day 112 samples.
METHODS
More detailed description of methods can be found in Supplementary Methods.
Study Cohorts

MSP2-C1 Vaccine Trial Sera
Samples from a total of 29 participants were obtained from a phase 1 trial of the MSP2-C1 vaccine [14] . Twenty-three participants were in vaccine groups and 6 participants were in the placebo groups.
Naturally Acquired Antibody Samples-Mugil Cohort
Samples were collected from a total of 206 school-age (5-14 years) children as part of a treatment reinfection study conducted in Papua New Guinea in 2004 [22] .
Naturally Acquired Samples-XMX Cohort
Plasma samples were available from a cross-sectional study of adults (n = 49, median age 28 years) conducted in Madang Province, Papua New Guinea in 2007 [23] .
Ethics Statement
Written informed consent was obtained from all study participants, or in the case of children, parents or guardians. 
Direct ELISA
Vaccine trial serum samples were tested by standard enzymelinked immunosorbent assay (ELISA) methods to determine antibody reactivity to MSP2 recombinant antigens. Samples were tested for IgG1, IgG2, IgG3, and IgG4, and total IgM against vaccine-grade recombinant MSP2 3D7 and FC27 antigens, as described previously [14, 24] .
Competition ELISAs
To quantify the levels of allele-specific and cross-reactive antibodies to MSP2, serum samples (day 28 and day 112) from 16 vaccine trial subjects who were highly responsive in direct ELISA were tested. In addition, 18 sera samples from the Mugil cohort with high levels of MSP2 antibodies were tested. Competition ELISA was performed as previously described [23, 25] . Briefly, competing antigens were added to sera prior adding the sera to antigen-coated plates for a direct ELISA. The level of antibody reactivity that was out-competed by the competing antigen was calculated as measurement of antibody cross-reactivity.
Epitope Mapping Peptide Array
A pool of serum samples from high responders of the MSP2 vaccine trial (n = 10, day 112) and a pool of serum samples from naturally exposed children (n = 10, Mugil cohort) were tested against an MSP2 peptide array as previously described [26] . The array contained 84 biotinylated 13-mer peptides covering the entire mature MSP2-3D7 and MSP2-FC27 sequences with overlap of 8 residues [26] . Additionally, samples from 3 MSP2-C1 vaccine recipients and 2 naturally exposed subjects were tested as individual samples.
Cell Culture
P. falciparum lines D10, 3D7, CS2, and W2mef were maintained in continuous culture and synchronized by sorbitol treatment as previously described [17] . THP1 monocytic cells were maintained as previously described [17] .
Opsonic Phagocytosis of Merozoites by THP-1 Cells
Opsonic phagocytosis activity using undifferentiated THP-1 monocytes was performed and quantified as previously described [17] .
C1q Fixation Assay
Measurement of the level of C1q fixation to recombinant MSP2-3D7 and MSP2-FC27 was performed according to a previous published method [19] with modifications. Briefly, Maxisorp 96-well plates (Nunc, Roskilde, Denmark) were coated with recombinant MSP2 3D7 or FC27 at 0.5μg/mL in phosphate-buffered saline (PBS) and incubated overnight at 4°C. Plates were blocked for 2 hours at 37°C with 1% casein-PBS. Serum samples were diluted at 1/100 in 0.1% casein and incubated for 2 hours in duplicates. Plates were incubated with human C1q (10 μg/mL in 0.1% casein-PBS, 30 minutes). C1q deposition was detected with rabbit anti-C1q antibodies (Dako; 1/1000), followed by anti-rabbit-horseradish peroxidase at 1/2500 (Millipore, North Ryde, Australia). Enzymatic activity was detected using 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) liquid substrate with reactions stopped after 30 minutes to 1 hour with 1% sodium dodecyl sulfate (SDS). The level of background signal was subtracted from each sample before the mean of each sample was calculated.
IgG Purification
Both pre-and postvaccination serum samples from 13 (10 high responders and 3 placebos) individuals with high total IgG responses at day 112 were selected for IgG purification using Melon Gel IgG Spin Purification Kit (Thermo Fisher, Scoresby, Australia). Assays were performed according to the manufacturer's user manual.
RESULTS
Human Vaccination Induces Cytophilic Antibodies Against 3D7 and FC27
Alleles of MSP2
We previously showed that immunization with the MSP2-C1 vaccine induced IgG against both MSP2 alleles (MSP2-3D7 and MSP2-FC27), with responses peaking at day 112 [14] . Here, we further assessed the induction of specific IgG subclasses, along with IgM, against MSP2-3D7 and MSP2-FC27 recombinant proteins. Vaccine-induced antibodies were predominantly IgG1, with some IgG3 and very little IgG2 or IgG4 responses ( Figure 1A ). All responses peaked at day 112 (Supplementary Figure 1) and no statistically significant differences were observed in the magnitude of IgG1 and IgG3 responses between cohort 1 (three 10-μg doses) and cohort 2 (two 40-μg doses) (Supplementary Figure 2) . In contrast to vaccine-induced antibodies, naturally acquired antibody responses against MSP2 were predominantly IgG3 ( Figure 1B ) [24] . Although the baseline level of IgM to MSP2 was high, which could be due to nonimmune IgM binding to MSP2, there was a substantial increase in IgM following immunization ( Figure 1C ). This increase was not observed with the placebo controls ( Figure 1C) . No difference in the magnitude of IgM levels following immunization was observed between cohort 1 and cohort 2 (Supplementary Figure 2) . There was also significant induction of IgA antibodies; however, the magnitude of response was low compared to IgG1, IgG3, and IgM (Supplementary Figure 3) .
Vaccination-Induced Antibodies Promote the Opsonic Phagocytosis of Multiple P. falciparum Strains
To assess whether cytophilic antibodies induced by vaccination were functional, we measured the capacity of antibodies to mediate opsonic phagocytosis of D10 merozoites (expressing MSP2-FC27 allele). There was a significant increase in the level of opsonic phagocytosis activity following vaccination in sera from patients receiving the active vaccine, but not with placebo controls (Figure 2A ). The phagocytosis index was positively correlated with the level of MSP2-FC27-specific IgG and IgG subclass responses (Spearman ρ 0.48, 0.54, and 0.50 for total IgG, IgG1, and IgG3, respectively; P < .001 for all) but not IgM (Spearman ρ 0.10, P = .47) or IgA responses (Spearman ρ 0.29, P = .13) (Supplementary Figure 4) . To assess whether MSP2 antibodies induced by vaccination were functional against genetically diverse P. falciparum strains, we purified IgG from serum samples with high antibody levels to MSP2 following vaccination and tested these for opsonic phagocytosis activity against merozoites from genetically distinct parasite strains (CS2 parasites expressing the FC27 allele and 3D7 and W2mef parasites expressing the 3D7 allele). There was a significantly increased opsonic phagocytosis activity in postvaccination antibodies for all parasite strains ( Figure 2B ). Thus, vaccine-induced antibodies effectively mediated the opsonic phagocytosis of merozoites isolated from 2 parasite lines expressing the FC27 allele (D10 and CS2), and 2 isolates expressing the 3D7 allele (3D7 and W2mef) of MSP2. Human vaccination with MSP2 induced antibodies that promote merozoite opsonic phagocytosis against multiple parasite strains. A, The relative phagocytosis index was measured in samples from prevaccination (day 0) and 112 days postvaccination. Samples tested were from vaccine (n = 27) and placebo (n = 6) participants against D10 merozoites (expressing MSP-FC27). P values were calculated using the Wilcoxon matched-pairs signed rank test. Relative phagocytosis index represents activity relative to an IgG pool from malaria-exposed adults. B, The relative phagocytosis index was measured to 3D7 and W2mef parasites (expressing the MSP2-3D7 allele) and CS2 (expressing the MSP2-FC27allele). Samples tested were from prevaccination (day 0) and 112 days postvaccination using IgG purified sera from high vaccine responders, based on IgG reactivity by enzyme-linked immunosorbent assay (ELISA; n = 8). P values were calculated using Wilcoxon matched-pairs signed rank test comparing day 0 to day 112. Data are from 1 assay performed in duplicate.
Human Vaccination Induces Antibodies That Fix Complement
We previously showed that vaccination with MSP2-C1 induced complement-dependent invasion-inhibitory antibodies [19] .
To quantify the ability of vaccine-induced antibodies to activate complement via the classical (antibody-dependent) complement pathway, we measured C1q fixation by serum samples from MSP2-C1 vaccine recipients to MSP2 protein. Vaccination induced C1q-fixing antibodies to MSP2-3D7 and MSP2-FC27 alleles, with a major increase in C1q fixation in postvaccination serum ( Figure 3A) . A subset of 10 serum samples with the highest total IgG to MSP2-FC27 from the vaccinees and 3 serum samples from day 0 was tested for invasion-inhibitory capacity [19] . The level of C1q-fixing antibodies to the surface of D10 merozoites (MSP2-FC27 expressing) correlated with complement-dependent invasion-inhibition activity using fresh serum as a source of complement (Spearman ρ = 0.61, P = .03; Figure 3B ).
Human Vaccination Induces Antibodies That Are Predominately CrossReactive Between MSP2 Alleles
We assessed whether vaccine-induced antibodies were allelic specific or cross-reactive by measuring antibody responses using competition ELISA. Naturally acquired MSP2 antibodies are largely directed towards allele-specific regions [27] . Surprisingly, we found that the majority of antibody responses in vaccine recipients were highly cross-reactive to both 3D7 and FC27 alleles of MSP2. This was demonstrated by the ability of the FC27 allele to out-compete antibody binding to the 3D7 allele, and vice versa ( Figure 4 ). The level of cross-reactive antibody responses was higher to 3D7 compared to the FC27 allele (3D7 99%, interquartile range [IQR] 89%-100%; FC27 66%, IQR 47%-78%; P < .001). Sera from 7/16 of subjects had antibodies to the 3D7 allele that were completely cross-reactive to FC27, while all FC27 responses were at least in part allele specific (Supplementary Figure 5) . In stark contrast, the great majority of MSP2 antibodies from naturally exposed individuals from Papua New Guinea were allele specific; incubation of sera with the MSP2 FC27 allele could not effectively out-compete antibody binding to MSP-3D7 allele, and vice versa (Figure 4 ; MSP2-3D7 98%, IQR 77%-100%; MSP2-FC27 92%, IQR 88%-95%; Supplementary Figure 5 ).
Human Immunization Generates Antibodies That Target Conserved
C-Terminal Epitopes
To further understand the molecular basis of the cross-reactivity of vaccine-induced antibodies, and how it differs from naturally acquired antibodies, we epitope-mapped antibodies using a MSP2-peptide array [26] and pools of high responders from vaccinees or malaria naturally exposed individuals. Antibodies in the vaccine pool (n = 10) were reactive to several peptides from the conserved C-terminal region of MSP2 ( Figure 5 ). In contrast, in the pool of sera from naturally exposed individuals, antibodies were directed to peptides within the 3D7 or FC27 allele-specific region ( Figure 5 ). Peptide reactivity profiles of antibodies were further confirmed using individual samples from 3 vaccinees, and 2 naturally exposed individuals residing in Papua New Guinea (Supplementary Figure 6 ). In 1 of the vaccinated individuals, there were also antibodies directed to the 3D7 and FC27 allele-specific regions and a minor antibody response to 1 peptide in the N-terminal region (Supplementary Figure 6) . Among naturally exposed individuals, antibodies to the conserved C-terminal were also observed, but at much lower levels than those seen to strain-specific regions or seen among vaccine samples (Supplementary Figure 6) .
Antibodies to the Conserved C-Terminal Region of MSP2 Can Promote
Opsonic Phagocytosis
To confirm that antibodies to C-terminal epitopes are functional, we assessed the ability of a monoclonal antibody (MAb) that is specific to the conserved C-terminal region of MSP2 (9G8; mouse IgG2b subclass, which can interact with human Fc-receptors) to promote opsonic phagocytosis ( Figure 6A ). For comparison, a MAb directed against the allele-specific variable region of MSP2-FC27 was tested (8G10, mouse IgG2b subclass) [26] . Assays were performed with both 3D7 parasites (expressing the MSP2-3D7 allele) or D10 parasites (expressing MSP-FC27). The C-terminaltargeted MAb, 9G8, promoted opsonic phagocytosis of merozoites from both 3D7 and D10 parasites ( Figure 6B ). In contrast, the allele-specific MAb 8G10 only promoted opsonic phagocytosis of the FC27 strain (D10), but not 3D7.
Therefore, these results support the conclusion that human vaccination with MSP2 induced functional C-terminal targeted cross-reactive antibodies.
DISCUSSION
Here, we show that vaccination in humans with a bivalent vaccine induced cross-reactive and functional antibodies to the polymorphic malaria antigen MSP2, contrasting with the highly allele-specific nature of naturally acquired antibodies. Cross-reactive antibodies predominately targeted the conserved C-terminal region of MSP2. Using a C-terminal-targeted MAb, we confirmed that this region of MSP2 is the target of functional antibodies, and we showed that vaccine-induced antibodies had functional activity against multiple P. falciparum strains. The dominance of cross-reactive antibodies generated by vaccination is in contrast to the dominance of antibodies to the variable region acquired from natural infection. To the best of our knowledge, this is the first report of the successful generation of vaccine-induced cross-reactive antibodies with strain-transcending functional activity to a P. falciparum malaria antigen in humans. Additionally, our findings provide important new insights into how vaccine-induced responses in humans can differ markedly from naturally acquired immunity, which will inform future strategies for developing highly efficacious malaria vaccines. Antigenic diversity in malaria vaccine antigens has been highlighted as a key impediment to vaccine efficacy [2] . Indeed, extensive antigen polymorphism, particularly in regions of high immunogenicity, are hypothesized to be a key immune evasion mechanism of the parasite [6] . MSP2 is a naturally immunogenic protein and significant antibodies can be acquired in young children after limited malaria exposure [28, 29] , and polymorphisms are therefore consistent with MSP2 being an important target of naturally pool   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65  66  67  68  69  70  71  72  73  74  75  76  77  78  79  80  81  82  83 acquired immunity. The prior phase 2 trial of the MSP2-based vaccine, Combination B, contained a single allele of MSP2 and clearly demonstrated that MSP2 vaccine efficacy was highly strain specific [4] . Strain-specific efficacy in clinical trials has been seen for other malaria vaccine candidates based on single alleles such as AMA1 [30] and CSP [3] . To overcome the limitation of strain-specific efficacy, the MSP2-C1 vaccine combined 2 alleles of MSP2, resulting in generation of antibodies to both allelic families [14] . However, in contrast to the immunodominance of allele-specific variable regions in naturally exposed populations [27] , our data clearly show that the majority of vaccine-induced antibodies were cross-reactive and directed to conserved C-terminal epitopes. Increased induction of cross-reactive antibodies has been previously reported in mice and rabbits using multiallele vaccination with AMA1 [10, 11] . However, it was not shown that this strategy resulted in antibodies targeting conserved epitopes; studies of naturally acquired AMA1 responses showed a strong allele-specific component of antibodies [23, 25] . Further, such an effect has not been previously demonstrated in humans, and some data have been reported suggesting that the nature of vaccine-induced antibody responses to malaria antigens can vary between humans and laboratory animals [31] , highlighting the need for human studies of naturally acquired and vaccine-induced immunity to clearly inform vaccine development.
Our data show that epitopes in polymorphic and conserved C-terminal regions of MSP2 are immunogenic in humans; however, the immunodominance of these epitopes contrasted between vaccine-induced and naturally acquired responses. The mechanisms mediating the preferential induction of cross-reactive antibodies by vaccination remain unclear, but may include: (1) differences in antigenic load of conserved versus polymorphic epitopes when different alleles are used as mixtures; (2) conformational differences in the antigens when presented in a vaccine (recombinant soluble antigen) versus natural infection (membrane bound on the merozoite surface); and/or (3) adjuvant-driven changes. A recent study on influenza responses in mice indicated that route of antigen administration (nasal infection verses subcutaneous vaccination) and form of antigen modulated the immunodominance of specific antigen regions in the antibody response [32] . While further studies are needed to understand these mechanisms, our data indicate that it is possible to induce cross-reactive antibodies to conserved epitopes via vaccination in humans and this provides a strong rationale for future studies to understand the immunologic mechanisms underlying this effect that could be exploited in vaccine development. Cross-reactive antibodies induced by the MSP2-C1 vaccination were functional, showing a capacity to promote opsonic phagocytosis of merozoites expressing different MSP2 alleles, and fix complement to MSP2. In contrast, vaccine-induced antibodies had no direct growth-inhibitory function [14] , highlighting the importance of Fc-mediated effector function for antibodies targeting MSP2. Recent studies have indicated that these functional antibodies are associated with protection from malaria [17, 19, 33, 34] . Cytophilic antibodies IgG1 and IgG3 have a higher capacity to fix complement and mediate opsonic phagocytosis via Fc-receptor interactions than IgG2 and IgG4 [35] . MSP2-C1 vaccination induced both IgG1 and IgG3. While IgG1 was dominant over IgG3, in contrast to the pattern seen in highly exposed populations [24, 27] , functional activity of vaccine-induced antibodies was still substantial. The functional significance of the difference in IgG1:IgG3 ratio remains to be determined. We further confirmed that antibodies to the C-terminal region were likely to be mediating the functional activity seen with vaccine-induced antibodies by demonstrating that a MAb to a conserved epitope of the C-terminal region of MSP2 could promote opsonic phagocytosis of merozoites from different parasite strains.
With the stalling of progress in reducing the global malaria burden despite ongoing control efforts [1] , strategies to develop highly effective malaria vaccines are a high priority. In particular, strategies that overcome antigenic diversity will be essential in overcoming parasite polymorphisms and vaccine escape. Here, for the first time, we show that vaccination in humans can result in the induction of cross-reactive and functional antibodies targeting conserved epitopes of a P. falciparum polymorphic antigen, and contrast the polymorphic targets of naturally acquired immunity. Our data highlight the importance of detailed analyses of vaccine-induced responses in humans to fully understand the fine specificities and functional mechanisms of these responses. Further studies are needed to assess whether similar cross-reactive responses can be induced in children with prior malaria exposure. Indeed, findings from RTS,S suggest that differences in vaccine-induced responses may exist in those with a history of malaria [36] . Nevertheless, our findings advance the understanding of vaccine-induced antibodies and mechanisms allowing for the rational design of second-generation highly effective malaria vaccines, and support the development of vaccines based on polymorphic antigens.
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